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ABSTRACT 
 
JOHN ROBERT GUNNELL: Accretion Patterns of Newly Built Marshland 
(Under the direction of Brent McKee) 
 
 Marshes are among the most important ecosystems in the world, but also are rapidly 
disappearing on a global scale, making it necessary but difficult to understand the processes 
behind natural marsh building.  In this study, 210Pb-derived accretion rates are examined in a 
marsh at the Newport-River mouth, (NC), a location that has experienced ongoing emergence 
of new marshland over the past several decades.  Accretion rates at all marsh-sampling sites 
shifted from slow sedimentation emblematic of the bay-bottom to rapid sedimentation that 
persisted as each site progressed from being an exposed mudflat to eventually becoming a 
newly colonized marsh table.  This transition occurred asynchronously across the marsh and 
prior to vegetative colonization.  This indicates that a physical transition occurred, likely due 
to a decrease in erosive processes such as wave-stirring.  Creating a local regime of 
quiescence, these transitions promoted accretion and initiated marsh building that continues 
today. 
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INTRODUCTION 
 In terms of ecosystem services, marshes are one of the top five most valuable biomes 
in the world today.  They act as a shoreline buffer against storms and flooding, a refuge for 
wildlife, and a potential sink for pollutants (Costanza et al., 1997) and CO2 (Langley et al., 
2009).  Despite the many benefits people derive from this coastal landform, there has been 
ongoing land loss due to anthropogenic activity.  Since the rise of the Roman Empire, more 
than 90% of coastal wetlands in the Mediterranean have vanished (Airoldi and Beck, 2007).  
This pattern of loss continues in the modern era, where 1% of global coastal wetland stocks 
are lost annually (Nicholls, 2004) with cases such as the Louisiana delta, which loses tens of 
square kilometers of marshland every year (Britsch and Dunbar, 1993). 
  Anthropogenic causes for marsh loss include land reclamation, hydraulic alteration, 
invasive species introduction (Gedan et al., 2009), sediment starvation (Syvitski et al., 2005), 
subsidence from oil drilling (Kennish, 2001), and climate effects.  In many places, global 
climate change is expected to cause a dramatic increase in storms, drought, and the rate of 
sea-level rise, which in excess harm vegetation and may lead to marsh collapse (Cahoon, 
2006; Stewart et al., 2001; Kirwan et al., 2010).  Among these climatic effects, accelerating 
sea-level rise has drawn a great deal of attention because it has the potential to affect every 
coastal marsh on the planet.  
 In this state of crisis, it is vital that we understand what processes lead to the creation 
or destruction of marshland, informing our understanding of marsh building, restoration, and 
conservation.  Perhaps due to the magnitude of its consequences, marsh response to 
2 
 
accelerated sea-level rise has been the primary focus of research surrounding marsh 
geomorphology.  Although this research provides little insight to incipient marsh processes, it 
has been very useful to elucidate the behavior of mature marsh tables. 
 As sea-level rises, the frequency of flooding on the marsh surface by waves and tides 
will increase as well.  If this flooding is in excess of the vegetation's tolerance, then marsh 
grasses will die.  Loss of grasses decreases sediment trapping, deconsolidates sediments, and 
diminishes deposition of organic material, ultimately leading to reduced accretion and the 
transformation of the marsh into open water (Nyman et al., 1993).  Marsh collapse due to 
sea-level rise has been observed in the Louisiana delta (Day et al., 2011), and its effects have 
been documented on a large scale in the Chesapeake Bay Area (Kearney et al., 2002). 
 Whether a marsh survives accelerated sea-level rise is a question of how increased 
inundation affects vertical accretion of the marsh and the dynamic feedbacks between those 
two processes.  Consequently, models of wetland loss due to sea-level rise that assume a 
static landscape (Titus, 1990) or use historical rates of vertical accretion (Craft et al., 2009) 
fail to account for the tendency of marsh accretion to respond to sea-level and reach a 
dynamic equilibrium with it.  This capacity for marshes to adjust to sea level has been 
demonstrated in both contemporary marshes and in the palaeorecord.  Marshland first 
became prevalent in the Holocene approximately 4000 years ago when sea-level rise slowed.  
This slow rate of sea-level rise did not outpace marsh accretion, so subsequent sea-level rise 
saw concomitant rise in a marsh table's elevation and in some places marsh expansion 
(Redfield, 1965).  Contemporary observations of marshes of varying age have demonstrated 
that younger marshes have high accretion rates, rapidly approaching an equilibrium elevation 
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similar to older marshes, which sustain themselves with lower accretion rates controlled by 
sea-level (Pethick, 1981). 
 Sediment accretion is generally proportional to inundation frequency or hydroperiod 
of the marsh table (Cahoon and Reed, 1995), which decreases as marsh elevation increases 
relative to the tidal range (Allen, 2000).  Marsh vegetation also contributes to accretion 
through direct deposition of organic material and by trapping sediment, but its growth is 
constrained to an elevation that is high enough to escape waterlogging and is low enough to 
be inundated frequently, exporting salt and maintaining soil saturation (Morris et al., 2002).  
When applied to various numerical simulations, this conceptual model (Figure 1) has been 
useful to elucidate historical marsh response to sea-level rise, and providing some insight on 
whether marshes will survive future scenarios (Kirwan et al., 2010). 
 (Figure 1) Change in Marsh Elevation over Time
Developing marshes approach a mature equilibrium elevation 
frequency, progressing from a young intertidal marsh to a mature marsh
behavior of subtidal mudflats 
constrained by empirical observation.
 
 The conceptual foundations of marsh geomorphology were made in the context of 
how young and established marshes respond to 
empirically observed and experimentally derived data from established marsh tables (e.g. 
Morris et al., 2002; D'Alpaos
of accretion on marsh tables is dependent on a simple relationship with respect to elevation, it 
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. [Relationship adapted from Allen, 2000]
constrained by inundation 
.  Sedimentary 
prior to grass colonization can be projected, but is 
 
sea-level rise, with models calibrated to 
 et al., 2007; Temmerman et al., 2003).  Since the general trend 
 
 
not  well 
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is possible to use these models to hindcast the behavior of subtidal mudflats prior to 
colonization by vegetation (e.g. Kirwan and Murray, 2007).  Although it is tempting to make 
these projections, they are not validated by actual observations or data.  It is unsafe to assume 
that ongoing processes on a mature marsh will give a clear picture of its ontogeny, so it is 
evident that processes of marsh creation are far less understood than those of marsh 
homeostasis. 
 In fact, a great deal of extant marshland was created by vastly different sedimentary 
regimes than we see today.  The marshes from thousands of years ago are largely a product 
of transgressive infilling and steady peat development (Redfield, 1965), but many others 
were created by substantial anthropogenic sediment pulses driven by land use change.  
Noticeable increases in marshland were found on the Yangtze delta following agricultural 
development in the 9th century (Elvin and Liu, 1998), in San Francisco bay from hydraulic 
mining in the 1850s (Atwater et al., 1979), and in New England throughout European 
settlement (Kirwan et al., 2011).  Although the sediment pulses that created these marshes 
are no longer active, the marsh tables persist as metastable entities due to the equilibrium 
processes explained earlier (Mudd, 2011).  Considering that these landscapes were created by 
processes that are no longer active, it seems that any hindcast of marsh ontogeny based on 
contemporary processes is unlikely to be entirely accurate. 
 To understand incipient marsh growth, these accretion patterns must be documented 
in marshes that are actively being built.  One such site is the Newport River in North 
Carolina.  There was a documented increase in sedimentation in the adjacent bay and an 
increase in aerial extent of the adjacent marsh, both of which were well correlated with clear-
cutting from an upstream tree-farming operation (Mattheus et al., 2009).  This documented 
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pulse of sediment has been retained in the upper bay by an oyster reef to the east and was 
likely supplemented by typical estuarine inputs of sediment (e.g. the river, estuarine flow 
(Meade, 1969), and tidal pumping (Geyer et al., 2001)).  Consequently, the Newport River's 
mouth is particularly sediment rich.  
 It's possible that the accreting marsh table in the Newport received both direct inputs 
of new sediment from the river as well as reworked sediment from the upper bay, as has been 
seen in other marshes adjacent to muddy embayments (Fagherazzi and Priestas, 2010).  Since 
the watershed is microtidal, there is less opportunity for inundation to stress vegetation, 
allowing for rapid vegetative colonization (Friedrichs and Perry, 2001).  All of these factors 
conspired to rapidly create new marshland.  This study in the Newport River System 
examines systematic variations in accretion over the course of this new marsh's development, 
with particular emphasis on the early phases of emergence, because that is where our 
conceptual understanding of marsh development is most lacking. 
 
 
  
METHODS 
 To understand what patterns of accretion accompany incipient marsh growth, and 
perhaps what processes initiate marsh building, geochronologies were derived at sites of 
recent marsh emergence at the Newport River as well as on an adjacent subtidal mudflat and 
out in the open embayment (Figure 2).  Marsh emergence was determined from the aerial 
photographs used in Mattheus et al., 2009.  At these sites, sediment accretion was derived via 
210Pb analysis of cores taken there.  210Pb geochronologies have caveats.  Changes in 
elevation can be decoupled from accretion rates due to shallow subsidence (Cahoon et al., 
1995), but the ongoing emergence of marsh at this site indicates that accretion and elevation 
are to some degree correlated.  Also, degradation of organic matter has been shown to change 
the values of accretion rates derived from 210Pb (Mudd et al., 2009).  This also is not 
expected to be problematic at this site.  Not only are marshes in the Southeast U.S. often 
mineral rich (Neubauer, 2008), but also this site in particular is recently emergent, so it is 
expected to be built from predominantly mineral material.  Considering these factors, it is 
expected that a 210Pb  geochronology along this transect gives a reasonable longitudinal and 
temporal assessment of sedimentation on the newly formed marsh. 
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(Figure 2) The study site.  Red circles are where cores were taken.  (I.) Recolored satellite 
imagery (from Google Earth historical images [12/8/2006]) distinguishes open water and 
channels in blue, with marshland in green.  (Ia.) A small fringing marsh on the north end of 
the bay (studied in Mattheus, et al. 2010). (Ib.) The rapidly expanding marsh on the southern 
end of the bay. (II.) Lateral marsh expansion found via aerial photography (Mattheus et al., 
2009).  Colored horizons indicate newly exposed marshland up to that year.  
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 Surface elevation was determined at each site using a surveying GPS.  The core at 
NM was taken from a boat with a 4" inner diameter polycarbonate tube attached to a push-
coring apparatus.  At sites B6, B7, B8, B10, B11, and B12, cores were taken by pounding 1.5 
meter long, 4" diameter aluminum irrigation pipes into the marsh surface; compaction was 
not corrected for.  These cores were extruded at one to two centimeter intervals and 
lyophilized for 210Pb analysis.  Cores for X-Ray images were taken using 50 by 10 by 3 cm 
plexiglass stab cores at sites B11 and MF.  X-Ray exposures on these cores were collected 
with a digital X-Ray sensor.  The MF stab core was dissected at one centimeter intervals and 
also was lyophilized for 210Pb analysis. 
 Downcore 210Pb variations were derived from selected 1.5 g subsamples of the freeze-
dried sediment.  These values were determined via isotope-dilution alpha spectrometry for 
the 210Pb granddaughter isotope 210Po, radioisotopes that are expected to be in secular 
equilibrium with each other (El-Daoushy et al., 1991).  A 209Po spike was added to each 
sample to determine chemical yield, then samples were microwave digested in stoppered 
teflon vessels with concentrated nitric acid.  Hydrogen peroxide was added to the heated 
supernate from the digestion to extract the tracer from organic compounds (de Vleeschouwer 
et al., 2010), then the samples were brought to near dryness to remove nitric acid.  In the next 
step, NH4OH was added to the samples to induce iron scavenging.  The precipitate was 
collected via centrifugation, dissolved with HCl, and prepared for plating onto stainless steel 
planchets with the addition of ascorbic acid to prevent oxides from interfering with 
spontaneous electrodeposition of Polonium (El-Daoushy et al., 1991).  The activities of the 
Polonium tracers were determined via alpha spectrometry using silicon surface barrier 
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detectors linked to a multichannel analyzer (Flynn, 1968).  To determine accretion rates, a 
constant initial concentration model of steady state sediment accretion was applied to the 
derived excess 210Pb values as they changed vs. depth (Joshi and Shukla, 1991). 
  
RESULTS 
X-Rays 
 The X-Rays (Figure 3) showed no evidence of bioturbation, with no visible 
burrowing animals or tubes.  Pore spaces present in the B11 core were presumed to be from 
vegetation.  This was corroborated by visual inspection during extrusion, where vegetative 
mass filled pore spaces, with no evidence of shells or tubes from bioturbators.  There are 
visible surface laminations on the mudflat core, indicating unmixed sedimentation.  These 
factors validate usage of a simplified steady-state 210Pb model, which would not be tractable 
in a mixed or bioturbated environment without additional corrective factors.  Visual 
inspection of the mudflat core showed no variation in coloration of the sediments, so the 
sharp distinction between darker and lighter sequences halfway down the core may be due to 
differences in porosity or mineralogy.  Unfortunately, after transporting from the X-Ray 
facility, the core became partly desiccated before dissection for 210Pb, making porosity 
measurements untenable. 
 (Figure 3) X-Rays of stab cores
associated with vegetation upon visual inspection
at right. 
 
Determining background 210Pb
  Excess 210Pb is the quantity of the 
isotope, but rather by sorption of free 
of excess 210Pb to sediment is prevented by bu
background 210Pb activity remains
226, which occurs continuously
In order to find excess 210Pb, the background activity must be determined and subtracted 
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.  Note the pore-spaces in B11 at left; these were found to be 
.  Major observations of MF are displayed 
  
210Pb not supplied by in situ decay of its mother 
210Pb from the water and atmosphere.  
rial.  Over time, this excess signal decays and a 
.  Background 210Pb is the product of in situ 
 and results in secular equilibrium between the two isotopes
 
Further addition 
decay of Ra-
.  
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from the total 210Pb value (Appleby, 2001).  Three cores were deep enough to meet this 
background 210Pb value: B6, B8, and NM.  The background value for B6 was chosen to be 
the mean activity of samples 103-116 cm deep (.72 +/- .05 dpm/g).  B8 was from 85-102.5 
cm (1.1 +/- .07 dpm/g), and NM was from 74-126 (.67 +/- .06 dpm/g).  It was decided that 
B8's background value would be more representative when assessing excess 210Pb in other 
cores because B6 had noticeably higher fibrous organic content during extrusion, and NM is 
distant from all other cores. 
Linear Regressions for Sedimentation Rates 
 Linear regressions of excess 210Pb vs. depth were made over intervals that provided 
the best r2, the proportion of variability explained by the line (results in table 1).  Each site 
had at least two linear intervals with distinctly different slopes, indicating a shift from one 
regime of constant accretion to another.  Linear accretion rates progressed to the surface in 
all samples except NM, which had a mixed surface layer.  One of the regressions was applied 
to a deeper section of NM below the mixed layer.   
 These linear intervals are well constrained by many data points, and regressions 
explained most of the variation in the data, indicating that a steady-state model of constant 
sediment accretion is appropriate.  Derived sedimentation rates are proportional to the slope 
of the regression line (Equation 1).  Error in the rate is proportional to standard error of the 
regression's slope.  Due to the uncertainty in background 210Pb, demonstrated in the standard 
deviation of the mean background values, accretion rates and their errors were calculated 
using regressions with three different background values (mean, mean+σ, mean-σ), with the 
final value being the root sum square of each result.   
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(Equation 1) The rate of sediment accretion (A) is proportional to the depth interval (z) and 
the decay constant (λ), but inversely proportional to the natural logarithm of the change in 
tracer concentration (C) over that depth interval (Joshi and Shukla, 1991).  This means that 
accretion rates are proportional to the slope (m) of a linear regression plotted through a depth 
profile of excess 210Pb activities on the half-log scale. 
 
 NM, a kilometer away from the actively accreting marsh, had rates between .2 and 
.56 cm/y, and was assumed to be emblematic of accretion rates found in the bay bottom.  
Sites near and on the marsh had surface accretion rates ranging from .97 to 1.94 cm/y 
preceded by slower rates ranging from .2 to .65 cm/y, and it is expected that this shift in 
accretion rates marks a transition from bay bottom sedimentation to rapid creation of new 
marsh.  With the correlation found between increased area of marshland and upstream land 
clearing (Mattheus et al., 2009), it is likely that this increase in accretion is in some manner 
associated with the pulse of sediment added to the river.   
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Site 
Elevation 
NAVD 88 
(m) 
(+/-) Regression # 
Depth 
Interval 
(cm) 
n 
Rate 
(cm/y) (+/-) r
2 
B6 0.32 .012 1 0-59 39 0.97 0.04 0.98 2 59-85 13 0.47 0.11 0.81 
B7 0.46 .014 1 0-51 34 1.16 0.07 0.96 2 51-77 13 0.23 0.06 0.80 
B8 0.41 .015 1 0-63 41 1.61 0.10 0.95 2 63-84 11 0.40 0.07 0.91 
B10 0.31 .014 
1 0-23 19 1.26 0.38 0.73 
2 23-53 15 0.65 0.07 0.95 
3 53-63 5 0.20 0.03 0.98 
B11 0.26 .01 1 0-32 14 1.68 0.32 0.91 2 32-68 8 0.46 0.04 0.98 
B12 0.27 .016 
1 0-24 9 1.16 0.18 0.93 
2 24-48 10 0.49 0.06 0.95 
3 48-64 4 0.23 0.04 0.98 
MF -0.28 .022 1 0-31 13 1.94 0.73 0.77 2 31-53 11 0.33 0.12 0.70 
NM -0.55 .016 1 28-53 7 0.56 0.08 0.96 2 53-63 9 0.20 0.05 0.86 
 
(Table 1) Results from elevation survey and linear regressions for accretion rates (elevation 
error is standard deviation of triplicate surveys) 
 
Interpretation of Results: Acceleration of Vertical Accretion 
 All marsh sites and the mudflat site demonstrated an abrupt shift from a slower 
continuous accretion rate to a more rapid continuous one (e.g. Figure 4).  A similar transition 
was reported in the open bay, when after clear-cutting upstream in 1964, the submerged delta 
front switched from slow to rapid accretion (Mattheus et al., 2009).  An acceleration in 
accretion rates occurred at all the marsh sites and the mudflat, but did not occur at the same 
time across sites. 
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(Figure 4) Plots of excess 210Pb vs. Depth.  Abrupt shifts in slope are indicated by arrows.  
B8, the more landward core, emerged as marsh table earlier than B11 and experienced an 
earlier shift in accretion rate as evidenced by the shift in slope being deeper in the core.  
(plots and raw 210Pb data from all cores are in the appendix) 
 
 Using the 210Pb-derived accretion rates and the years of marsh emergence (from 
Mattheus et al., 2009), a timeline of marsh accretion was constructed (Figure 5).  The 
acceleration in vertical accretion rates (the shift from blue to green) was asynchronous across 
sites and not every site had an increase in accretion that coincided with the sediment pulse 
received in the open bay.  Site B6 began to rapidly accrete prior to the sediment pulse, while 
B8, B10, B11, B12, and MF all began to rapidly accrete after the pulse; in some cases, nearly 
twenty years afterward.  Also, though it occurred at a slower rate than currently witnessed, 
 there is evidence of ongoing lateral accretion 
al., 2009), so increased sediment 
the Newport River.  Considering the sequence diagram (
(blue) to rapid (green) accretion appears at a variety of elevations, so this transition int
marsh-building sedimentary regime also isn't necessarily controlled by a simple relationship 
with respect to elevation.
(Figure 5) Timeline of Accretion and Emergence.  
of clear-cutting upstream in 1964.  
parentheses.  Year predictions were made by dividing depth in the core by the rate of 
accretion.  Error bars in black
accretion rate error.  Emergence dates a
from the number of years between photographs.  
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of this marsh from 1888 to 1964 (Mattheus
supply is not the sole reason for recently emergent marsh in 
Figure 6), the transition from slow 
The "Sediment Pulse" refers to the onset 
Accretion rates are in boxes, with (+/-) error in 
 and white are maximum and minimum predictions due to 
re taken from aerial photographs; error bars in red are 
 
 et 
o a 
 
  
(Figure 6) Sequence Diagram of Marsh Table.  Elevation 
relative to North American Vertical Datum of 1988.  
surface elevation, with downcore depths measured relative to that point.  Marsh emergence 
was from aerial photography, and depth of emergence was solved by multiplying the 
derived accretion rates by the number of years since the marsh emerged.  Similarly, isochrons 
(error not reported in this figure) were calculated by multiplying accretion rates by the 
passage of time to mark the depth of the time horizon.  
of shoreline emergence, but the horizontal axis is arbitrary because the cores were not on a 
linear transect.  NAVD 0 roughly correlates with MSL, which is in agreement with the 
elevation marsh emergence/colonization would be expe
 
 Another unusual feature of this acceleration in accretion is that it doesn't correlate 
with vegetative colonization.  Comparing the reconstructed 
photography (Figure 5), it is evident
occurred prior to vegetative colonization
B10 and B11, where the error bars for the year of accelerated accretion (in black) and marsh 
emergence (in red) overlap.  Also, sub
18 
(acquired via surveying gps) 
The core surface was assumed to equal 
From left to right, cores are in order 
cted. 
210Pb timelines with the aerial 
 that accelerated accretion (transition from green to blue) 
 at every site.  This is true in every case except sites 
sequent to marsh grass colonization, there is no 
 
is 
210Pb 
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evidence of yet another increase in accretion, as has been modeled (D'Alpaos et al., 2007), 
and would be expected due to vegetation baffling fluid flow (Leonard and Luthor, 1995), 
leading to sediment trapping.  Perhaps the additional capacity for sediment trapping provided 
by the marsh grasses is relatively minor compared to the ongoing deposition at this site.   
 In any case, by suddenly changing from a lower steady accretion rate to a higher 
steady accretion rate, these cores demonstrate a sudden shift from one sedimentary regime to 
another.  This regime shift is happening prior to vegetative colonization, demonstrating that 
there is some local physical threshold condition that increases sediment deposition on 
mudflats, promoting marsh emergence.  This transition has been happening asynchronously 
across the marsh prior to, during, and after upstream clear-cutting released a sediment pulse 
in 1964.  Since lateral accretion accelerated after clear-cutting, it appears that this ongoing 
physical mechanism was positively augmented by the additional pulse of sediment. 
 DISCUSSION 
Explaining Continuous Accretion on the Marsh Table 
 The marsh cores in the Newport demonstrate a shift from the sedimentary regime of 
the open embayment to that of a developing marsh.  As outlined in Figure 7, a physical 
transition occurs that leads to rapid accretion and eventually grass colonization/marsh 
emergence.  All sites studied in the Newport appear to continue rapidly accreting, but it is 
possible that this marsh platform is still young enough not to have reached an equilibrium 
elevation, so the rapid accretion emblematic of young marshes (Pethick, 1981) is still 
occurring.   
 Marsh accretion should diminish as elevation increases, and sediment delivery should 
attenuate as distance from the tidal creek's inlet increases (D'Alpaos et al., 2007), but all the 
marsh-sampling sites are in close proximity to tidal channels, which preferentially provide 
lithogenic sediment to adjacent areas (Reed et al., 1999), and distal parts of the marsh may be 
receiving new sediment inputs due to storm surge (Turner et al., 2006).  Also, as grass 
colonization gets a foothold, it would not be unexpected to see organic accretion contributing 
to the ongoing vertical accretion seen on the marsh table (Nyman et al., 2006).  Eventually, 
as the marsh matures, these material inputs will decrease, and accretion rates should 
eventually abate as the marsh reaches an equilibrium elevation, as described in Figures 1 and 
7.  
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(Figure 7) Change in Marsh Elevation over Time.  Although maturing marshes approach 
equilibrium elevations defined by hydroperiod, there is a period of marsh building that 
precedes it.  Some physical transition occurs due to a combination of relative quiescence and 
sediment subsidy, leading to rapid sediment accretion.  As demonstrated by the cores in the 
Newport River, NC, this pattern of rapid accretion continues after grass colonization and will 
continue until inputs for accretion attenuate.   
 
Speculation on the Physical Threshold Condition 
 This demonstrated acceleration of accretion found prior to marsh emergence is a 
provocative observation, and it raises a question: What physical processes prompt this abrupt 
shift in sediment accretion?  Further research is necessary to fully resolve what's physically 
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occurring at the Newport River, but speculation is still possible.  The new marsh occupies a 
shallow tidal embayment where the river's mouth has opened substantially.  A wide pan of 
water, the depth across the basin appears to be relatively uniform, and historical maps and 
imagery show no changes in channel location (Mattheus et al., 2009).  This seems to indicate 
that waves and tides are the two most important ongoing physical drivers of circulation, 
deposition, and erosion in this system, while channel flow and meander-bend processes 
should have less of an impact.  Although tidal processes can have the tendency to aid 
sediment deposition on mudflats, waves have the capacity to counteract those processes, 
eroding mudflats when they encounter the wave base (Bassoullet et al., 2000; Fagherazzi et 
al., 2006).  Perhaps the shift from slow to rapid accretion is the result of a local shift from 
wind dominated to tidally dominated regimes of erosion/deposition. 
 Tidally dominated mudflats accrete sediment through the asymmetry of settling and 
scouring processes, particularly when an ebb fails to erode recent deposits from a flood's 
slackwater (Postma, 1961).  This simple relationship is complicated by ebb flow's 
heterogeneity across the mudflat's surface when water level is low.  Tidal creeks carry a 
substantial fraction of the tidal prism, and ebb tides can be highly erosive within the creek 
channel (Friedrichs and Perry, 2001).  Consequently, there is preferential deposition at the 
edge of the creeks while channels incise.  As mudflats are colonized into marshes, these 
creeks that originate as wide, shallow drainage lines develop into progressively deeper, 
narrower channels as the emerging marsh constrains the creek basin (Allen, 2000).  These 
processes are demonstrated toward the left side of Figure 8B.   
 A reminiscent process may be observed in Figure 8A.  A marsh island formed to the 
northeast of the marsh's main body in 1988.  This led to the formation of a broad tidal 
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channel between the island and the main marsh.  In subsequent years, much of the 
progressive marsh building (in shades of blue) has served to constrict that channel.  This 
pattern seems to indicate that primarily tidal forces are steering much of erosion and 
deposition in the most newly built segments of marsh at the Newport River.  
 The tidal effects and sediment supply at the northern (Figure 2(Ia.)) and southern 
shores should not be substantially different, because the basin is wide, relatively uniform in 
depth, and shallow.  Nevertheless, they have distinct accretion rates and morphologies.  
Winds are the only remaining physical process expected to affect depositional processes at 
these sites differently.   
 Near the Newport River, winds predominate out of the southwest for most of the year 
(National Climatic Data Center, 1998), but occasional major wind events associated with 
nor'easters are expected to occur as well.  The rapidly expanding marsh of the southern shore 
has a gently sloping shoreline with accretion rates varying from .97 to 1.94 cm/year.  In 
contrast, the smaller marsh on the opposite shore to the north has a scarp, indicating a history 
of wave-induced erosion and shoreline retreat.  There is accelerated accretion associated with 
the sediment pulse on this north-shore marsh as well, but only at rates varying from .09 to .76 
cm/yr (Mattheus et al., 2010).  This marked difference sedimentary regimes, with the north 
shore experiencing more erosion due to wave action seems to indicate that this system is 
predominantly affected by the average south-westerly winds.     
  Due to differences in fetch, wave energy is directed towards the north shore while it 
is directed away from the south shore, allowing for accelerated deposition there.  This 
(Figure 8B, right side) may explain lateral progression of the southern shoreline.  Since the 
wind is predominantly blowing away from the southern marsh, subtidal mudflats adjacent to 
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the shoreline experience the least shear stress from wave energy.  This would lead to 
relatively higher accretion and eventually to emergence from the water.  The recently 
emerged segment of the marsh would extend the halo of decreased wind fetch further 
bayward, perpetuating this pattern of lateral accretion.  
 
(Figure 8) Processes leading to shoreline progression.  A. From 1988-2006, marsh emergence 
has served both to advance the shore further into the bay as well as to constrict tidal channels.  
B. The processes behind the constriction of the channel and the advancement of the shoreline 
are outlined.  To the left: Channelized flow prevents rapid accretion toward the center of the 
tidal channel, while higher deposition occurs at its margins, leading to a narrow, incised 
channel.  To the right: The advancing shoreface is leeward of the predominating winds, 
minimizing fetch and leading to weak waves/wave-erosion at the shore's margin.  
Consequently, new shoreline emerges, which also reduces wind fetch further out into the bay, 
creating a positive feedback for further shoreline advancement. 
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 The ongoing pattern of lateral accretion proceeding from 1888 to 1964 was abruptly 
increased by the pulse of additional sediment (Mattheus et al., 2009).  This proposed 
mechanism of marsh emergence via fetch limitation can also be used to help explain the 
accelerated lateral accretion associated with the sediment pulse.  Due to the increase in 
available sediment, some segments of new marsh emerged more abruptly and 
heterogeneously from the embayment as islands and peninsulas.  It is possible that the 
irregular placement and shape of these emergent landforms substantially increased the area 
with limited wind fetch, working as a positive feedback for lateral marsh accretion.  
 Looking at Figure 5, we can see that sites B10, B11, B12, and MF all transition from 
slow to rapid vertical accretion roughly twenty years ago.  Returning to Figure 2(II), twenty 
years ago corresponds to the emergence of a small marsh island northeast of B10 (shown in 
purple and blue).  So while sites B10, B11, B12, and MF were still submerged, the 
emergence of marsh elsewhere may have shielded the shoreline from wave effects and 
allowed for more efficient sedimentation.  Furthermore, sites B7 and B8 accelerated in their 
accretion rates roughly forty years ago, which in Figure 2(II) corresponds with the formation 
of a marsh peninsula to the northwest of those sites (peninsula is depicted in green).  
Similarly, this peninsula may have shielded the submerged B7 and B8, creating a quiescent 
environment that facilitated sedimentation.   
 Unfortunately, we do not know the accretion patterns of the marsh island or the 
peninsula, so we can't be certain of what prompted their formation.  It is possible that they're 
the product of slow emergence from sediment deposition barely offsetting resuspension from 
wave energy (Fagherazzi et al., 2006), but they could also be thick, instantaneous storm 
deposits.  In any case, these formations are likely the result of the substantial sediment 
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subsidy provided by the river, and their heterogeneous emergence likely acted as a positive 
feedback to ongoing marsh building.   
Implications for Restoration 
 The observation of spontaneously emerging natural marshland seems to have direct 
implications for wetland creation methods used in marsh restoration today.  In essence, the 
sediment pulse in the Newport River was a sediment subsidy experiment, not unlike water 
and sediment diversions used to nourish marsh tables with new sediment inputs (Allison and 
Meselhe, 2010).   Also the shielding provided by the heterogeneous shoreline emergence was 
not unlike an installation of marsh terraces or sills, structures that stabilize the water column 
and promote silting up (Turner and Streever, 2002).  By themselves both of these measures 
have had varying effects.  At the Sabine Marsh Terracing Project in Louisiana, it is apparent 
that the structures aid sediment infilling, but the area is sufficiently devoid of sediment that 
infilling only appears to occur in sites adjacent to tidal inlets (Good, 2005).  Also, in the case 
of sediment subsidy experiments, large additions of sediment, whether natural or unnatural 
are prone to washing away by waves or ebb flow if they aren't sufficiently consolidated 
(Cahoon, 2006; Cornu et al., 2002; Allison and Meselhe, 2010).  These issues seem to 
indicate that a concerted approach utilizing both methods would be more effective. 
 Another caveat is subsidence.  The Mississippi River Delta is experiencing such rapid 
subsidence due to compaction and sediment starvation (Penland and Ramsey, 1990; Syvitski 
et al., 2009) that its vegetation requires sediment subsidy to survive inundation stress (Day et 
al., 2011).  Short-term solutions such as crevasse splays allow for temporary marsh 
colonization of the new sediment, but after the hydrology is interrupted by infilling, these 
sites are expected to subside within twenty years (Cahoon et al., 2011).  Louisiana requires a 
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large-scale and ongoing method for subsidy, but we don't seem close to knowing the logistics 
that would require (Allison and Meselhe, 2010).  
 Other sites, however, do not need to cope with the rates of subsidence Louisiana 
experiences.  It seems that a carefully selected site with stabilization and subsidy used in 
concert, as observed in the Newport River's natural emergence, could be functional.  
Modeled after other metastable anthropogenic sediment-pulse-generated marshes (Mudd, 
2011), the coordinated use of sediment subsidy with shoreline stabilization in a slowly 
subsiding, quiescent environment could be used at least in the short term to create self-
sustaining marshland.   
 Furthermore, it's possible that marshes built naturally may provide better ecosystem 
services than artificial marshes created by land reclamation.  Much of created marshland is 
the product of managed realignments of seawalls, channel dredging, and land clearing that 
converts old forest, pasture, and other uplands into marshes (Turner and Streever, 2002).  
Although it's difficult to measure the quality of a restored marsh, it seems that most metrics 
stem from the health of the vegetation (Ruiz-Jaen and Aide, 2005).  And the vegetation's 
health is dependent on both the hydrology and soil quality of the marsh.  In a natural marsh, 
evolution of tidal creek morphology is a self-organized process, and ongoing accretion on a 
natural marsh table is already hydrated and porous.  In reclaimed land, both channel 
morphology and soil features vary in how rapidly they approach values found in natural 
marshland (Wallace et al., 2005; Craft et al., 2002).  Although it needs to be established, it's 
possible that these concerns of marsh quality might not be an issue in a marsh that emerges 
and develops according to natural processes.   
  
CONCLUSIONS 
 The consensus on marsh development is that young marshes rapidly approach an 
equilibrium elevation that is asymptotically approached as the marshes mature.  What 
precedes this regime of marsh building, and what mechanisms initiate marsh building are less 
certain.  The Newport River's newly built marshland is accreting rapidly both vertically and 
laterally, and this is to be expected of a new marsh in a sediment rich environment.  This 
study demonstrates the trends in accretion leading into marsh emergence (Figure 7).  
Different locations in the Newport River's new marsh transitioned from slow to rapid rates of 
vertical accretion at different times, indicating that some threshold condition was met, which 
initiated rapid marsh growth. 
 Furthermore, this acceleration of accretion did not correlate with vegetative 
colonization, implying that a physical transition must have occurred prior to emergence, 
transforming the subtidal mudflat into an environment that promotes rapid sedimentation.  It 
is hypothesized that shoreline emergence reduced wind fetch over adjacent subtidal mudflats, 
effectively shielding submerged segments of the embayment from erosive wave energy.     
 Since the continuous rapid accretion appears to be characteristic of a young marsh 
table, the transition in rates may signify the subtidal mudflat's entering the previously 
understood regime of marsh building as outlined in Figure 1.  This study documents the 
timing and suggests mechanisms of incipient marsh development that do not exist in the 
literature.  Closer study of what processes define this threshold condition, and what prompts 
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the transition in accretion rates will be useful not only for improving our understanding of 
what triggers marsh building, but may also guide future restoration efforts. 
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APPENDIX 
Tables of 210Pb activities and charts of excess 210Pb vs. depth regressions are below.  
B6 B7 
Depth 
Interval 
(cm) 
Pb-210 
(dpm/g) 
Depth 
Interval 
(cm) 
Pb-210 
(dpm/g) 
Depth 
Interval 
(cm) 
Pb-210 
(dpm/g) 
Depth 
Interval 
(cm) 
Pb-210 
(dpm/g) 
0-1 12.98 48-49 3.49 0-1 9.89 50-51 3.60 
1-2 13.11 50-51 2.94 1-2 9.34 52-53 2.62 
2-3 12.21 52-53 2.60 2-3 9.28 54-55 2.97 
3-4 11.21 54-55 2.73 3-4 8.18 56-57 2.76 
4-5 10.84 56-57 3.17 4-5 9.44 58-59 2.18 
5-6 10.54 58-59 2.85 5-6 9.60 60-61 2.87 
6-7 9.88 60-61 2.31 6-7 8.34 62-63 1.47 
7-8 9.86 62-63 2.31 7-8 8.13 64-65 1.63 
8-9 9.41 64-65 2.05 8-9 8.05 66-67 1.62 
9-10 9.41 66-67 1.88 9-10 8.68 68-69 1.70 
10-11 9.29 68-69 1.74 10-11 8.53 70-71 1.81 
11-12 9.62 70-71 1.52 11-12 7.92 72-73 1.45 
12-13 9.46 72-73 1.22 12-13 8.54 74-75 1.30 
13-14 7.94 74-75 1.29 13-14 7.26 76-77 1.20 
14-15 8.31 76-77 1.24 14-15 6.93 78-79 1.13 
15-16 7.89 78-79 1.36 15-16 7.28 
  16-17 7.06 80-81 1.30 16-17 6.71 
  17-18 7.53 82-83 1.42 17-18 6.55 
  18-19 7.99 84-85 1.20 18-19 8.02 
  19-20 6.77 86-87 0.95 19-20 5.80 
  20-21 6.75 88-89 0.89 20-21 6.32 
  22-23 6.31 90-91 1.02 22-23 5.54 
  24-25 6.07 92-93 0.95 24-25 5.99 
  26-27 5.09 94-95 0.85 26-27 5.31 
  28-29 4.77 96-97 0.90 28-29 4.87 
  30-31 5.22 98-99 0.97 30-31 4.81 
  32-33 4.59 100-102 0.98 32-33 4.85 
  34-35 4.58 102-104 0.78 34-35 4.82 
  36-37 4.32 104-106 0.64 36-37 4.59 
  38-39 5.16 106-108 0.71 38-39 4.72 
  40-41 3.82 108-110 0.71 40-41 4.33 
  42-43 3.86 110-112 0.76 44-45 3.78 
  44-45 3.79 114-116 0.74 46-47 3.74 
  46-47 3.43 
  
48-49 3.85 
  
(Table 2) Pb-210 activities in samples from B6 and B7 
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B8 B10 
Depth 
Interval 
(cm) 
Pb-210 
(dpm/g) 
Depth 
Interval 
(cm) 
Pb-210 
(dpm/g) 
Depth 
Interval 
(cm) 
Pb-210 
(dpm/g) 
Depth 
Interval 
(cm) 
Pb-210 
(dpm/g) 
0-1 10.97 48-49 4.86 0-1 10.86 52-53 3.43 
1-2 10.32 50-51 5.18 1-2 9.02 54-55 3.14 
2-3 8.82 52-53 4.49 2-3 9.36 56-57 2.49 
3-4 8.54 54-55 4.30 3-4 10.72 58-59 2.27 
4-5 9.68 56-57 4.36 4-5 9.43 60-61 1.81 
5-6 9.69 58-59 4.09 5-6 8.70 62-63 1.64 
6-7 8.87 60-61 4.15 6-7.5 10.22 64-65 1.25 
7-8 9.29 62-63 3.91 7.5-9 11.06 66-67 1.29 
8-9 8.95 64-65 4.13 9-10.5 11.01 68-69 1.25 
9-10 9.12 66-67 3.40 10.5-12 9.86 
  10-11 8.61 68-69 3.09 12-13 10.27 
  11-12 8.32 69-70 3.12 13-14 10.20 
  12-13 8.79 71-72 2.81 14-15 8.89 
  13-14 8.57 73-74 2.87 15-16 9.07 
  14-15 8.49 75-76 2.20 16-17 9.04 
  15-16 8.32 77-78 2.27 17-18 9.17 
  16-17 8.30 79-80 2.40 18-19 8.80 
  17-18 8.23 81-82 2.00 19-20 8.93 
  18-19 8.49 83-84 1.64 20-21 8.37 
  19-20 7.62 85-86 1.18 22-23 8.98 
  20-21 8.18 87-88 1.15 24-25 8.97 
  22-23 7.55 89-90 1.15 26-27 7.73 
  24-25 7.36 90-91 1.00 28-29 7.62 
  26-27 6.41 92-93 1.00 30-31 8.58 
  28-29 8.04 93-94 1.04 32-33 6.86 
  30-31 7.73 94-95 1.13 34-35 6.38 
  32-33 6.54 96-97 1.05 36-37 5.67 
  34-35 6.14 97-98 1.04 38-39 4.72 
  36-37 6.25 99-100 1.12 40-41 4.84 
  38-39 6.04 100-102.5 1.18 42-43 4.80 
  40-41 5.18 
  
44-45 4.08 
  42-43 5.05 
  
46-47 4.43 
  44-45 5.11 
  
48-49 3.54 
  46-47 5.39 
  
50-51 3.30 
  
(Table 3) Pb-210 activities in samples from B8 and B10 
 
32 
 
 
B11 B12 MF 
Depth 
Interval 
(cm) 
Pb-210 
(dpm/g) 
Depth 
Interval 
(cm) 
Pb-210 
(dpm/g) 
Depth 
Interval 
(cm) 
Pb-210 
(dpm/g) 
0-3 11.49 0-3 11.03 0-1 9.27 
3-6 12.22 3-6 10.87 2-3 9.54 
6-7 13.06 6-7 11.32 4-5 10.55 
8-9 11.75 7-8 10.71 6-7 7.47 
10-12 10.53 8-9 10.51 8-9 7.35 
14-16 12.66 9-10 10.08 10-11 7.00 
16-18 11.21 10-12 11.89 12-13 7.13 
18-20 11.55 12-14 9.18 14-15 6.72 
20-22 11.56 14-16 8.73 16-17 6.39 
22-24 10.61 16-18 7.85 18-19 6.81 
24-26 10.73 18-20 7.82 20-21 6.64 
26-28 10.07 20-22 7.68 22-23 6.78 
28-30 9.97 22-24 7.67 26-27 6.61 
30-32 9.77 24-26 6.27 30-31 5.46 
32-34 9.16 26-28 5.23 32-33 3.40 
36-38 7.33 28-30 4.89 34-35 3.02 
42-44 4.55 30-32 4.36 36-37 3.67 
46-48 4.11 32-34 3.82 38-39 2.89 
50-52 3.76 34-36 3.87 40-41 1.86 
54-56 3.34 36-38 3.18 42-43 1.99 
58-60 2.40 38-40 3.03 44-45 2.20 
62-64 2.05 42-44 2.78 46-47 2.28 
66-68 1.93 46-48 2.63 48-49 1.85 
74-76 1.25 50-52 2.38 20-51 1.86 
78-80 1.14 54-56 1.76 52-53 2.09 
82-84 0.95 58-60 1.48 
  86-88 0.86 62-64 1.31 
  90-92 0.96 66-68 0.96 
  
  
70-72 0.72 
  
(Table 4) Pb-210 activities in samples from B11, B12, and MF 
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NM 
Depth 
Interval  
(cm) 
Pb-210 
(dpm/g) 
Depth 
Interval 
(cm) 
Pb-210 
(dpm/g) 
0-1 6.27 61-62 1.12 
1-2 6.18 62-63 1.14 
2-3 6.22 63-64 0.81 
3-4 6.33 64-66 0.86 
4-5 6.16 66-68 0.96 
5-6 7.00 68-70 0.83 
6-7 6.32 70-72 0.82 
7-8 5.67 72-74 0.85 
8-9 6.75 74-76 0.72 
9-10 6.29 76-78 0.67 
10-12 6.87 78-80 0.79 
12-14 6.66 80-82 0.68 
14-16 6.37 84-86 0.62 
16-18 7.04 92-94 0.70 
18-20 6.80 96-98 0.69 
20-22 6.51 100-102 0.64 
22-24 6.18 108-110 0.61 
24-26 6.10 112-114 0.75 
26-28 5.93 116-118 0.66 
28-30 5.37 120-122 0.58 
30-32 4.78 124-126 0.64 
34-36 4.08 
  38-40 3.93 
  42-44 3.23 
  46-47 2.57 
  50-51 1.99 
  52-53 2.10 
  54-55 1.80 
  55-56 1.65 
  56-57 1.59 
  57-58 1.22 
  58-59 1.21 
  59-60 1.10 
  60-61 1.05 
  
(Table 5) Pb-210 activities in samples from NM 
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(Figure 9) Regressions of excess 210Pb vs. depth at B6 
 
(Figure 10) Regressions of excess 210Pb vs. depth at B7 
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(Figure 11) Regressions of excess 210Pb vs. depth at B8 
 
(Figure 12) Regressions of excess 210Pb vs. depth at B10 
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(Figure 13) Regressions of excess 210Pb vs. depth at B11 
 
(Figure 14) Regressions of excess 210Pb vs. depth at B12 
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(Figure 15) Regressions of excess 210Pb vs. depth at MF 
 
(Figure 16) Regressions of excess 210Pb vs. depth at NM 
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